The main objective of this study was to assess how mangrove reforestation has influenced litter degradation and concomitant nutrient dynamics in previously deforested plantations. Dynamics of nutrients (carbon, nitrogen and C:N ratios) in decomposing leaves of conspecific species were investigated with litterbags in Sonneratia alba and Rhizophora mucronata reforested treatments using appropriate bare and natural less disturbed treatments as controls. Bare treatments had the lowest decay rates (Kd
Introduction
Mangrove swamps are considered to be productive ecosystems, in which the rate of primary productivity is high (Heald, 1971; Odum and Heald, 1972; Boto and Bunt, 1981) . This high productivity is often attributed to high litter degradation rates and efficient recycling of nutrients, which are supplied by both autochthonous litter and allochthonous inputs from natural and anthropogenic sources (Lee, 1990; Kazungu et al., 1993; Bouillon et al., 2002) . Usually less than 10% of litter material produced in mangrove forests is consumed alive (Heald, 1971; Odum et al., 1982 of this primary production thus enters the system as detritus. Fresh detritus of low nutritive value is decomposed through a sequence of physical, chemical and biological processes (Lee, 1990; Ashton et al., 1999) , thus making the subsequent organic material more nutritious by microbial enrichment processes (Odum and Heald, 1975; Alongi, 1998) . The nutrients generated by remineralisation of this action are ultimately made available for primary production and this in turn supports a wide variety of consumers (Macintosh, 1984; Alongi and Sasekumar, 1992) .
The rapid breakdown of organic material in the mangrove ecosystem seems to ensure that large proportions of organic matter production (mangrove leaves) are recycled within the forest and this initial retention of production most likely reduces tidal export from the mangroves (Hemminga et al., 1994; Lee, 1998) to the adjacent open water. This is complemented with additional organic carbon input into mangrove systems from either estuarine or marine sources (Jennerjahn and Ittekkot, 2002; Bouillon et al., 2002 Bouillon et al., , 2003 to meet the systemÕs internal requirements.
Most studies on mangrove litter degradation and concomitant nutrient dynamics have hitherto concentrated on differences among: tidal elevations (Twilley et al., 1986 (Twilley et al., , 1997 Mfilinge et al., 2002) , species and seasons (Tam et al., 1990; Twilley et al., 1997; Woitchik et al., 1997; Mfilinge et al., 2002) and litter components (Steinke et al., 1983; Van der Valk and Attiwill, 1984; McKee and Faulkner, 2000) . Specific stand management regimes, i.e., regulated exploitation versus excessive extractive pressure which leads to deforestation, and subsequent reforestation in areas where natural regeneration is impeded, do influence nutrient recycling (Ashton et al., 1999) , Reforestation has been found to alter site physico-chemical conditions (McKee and Faulkner, 2000; Bosire et al., 2003) and is thus assumed to ultimately restore the functional importance of nutrient fluxes through it among other ecosystem functions. We had the opportunity to compare three conditions simultaneously, which allowed a systematic comparison of reforested treatments with natural mangroves as well as bare treatments using the well established litterbag technique (Steinke et al., 1983; Van der Valk and Attiwill, 1984; Tam et al., 1990) to assess variations in litter degradation and accompanying nutrient regeneration among these treatments. Such information is necessary to give more insight into nutrient recycling in mangrove systems undergoing different management regimes. The litterbag technique may underestimate actual decomposition rates due to reduced exposure to mechanical forces and exclusion of larger invertebrates (Wieder and Lang, 1982; Ashton et al., 1999) , but it does reflect trends and thus provide for comparisons across treatments.
The main objective of this study was to investigate the impact of mangrove reforestation in previously deforested treatments on litter degradation rates and nutrient dynamics as an important functional indicator of ecosystem recovery at Gazi Bay, Kenya, using appropriate deforested and natural less disturbed treatments as controls.
Materials and methods

Study area
The present study was conducted at Gazi Bay, Kenya in Rhizophora mucronata Lamk. and Sonneratia alba J. Smith reforested plantations, which were both 8 years old at the time of investigation. Deforested and natural treatments adjacent to the respective reforested treatments were used as controls. The replanted stands were part of the respective deforested treatments, but the latter have not been reforested, hence they had the same site history. The controls were also of the same inundation regime as the reforested treatments. The S. alba treatments were in the lower intertidal inundated during all high tides, while the R. mucronata treatments were in the higher intertidal inundated during spring tides. For more details on study area and treatment description, refer Bosire et al. (2003) .
Leaf degradation experiments
Leaf decomposition rates in reforested mangrove treatments of R. mucronata and S. alba were compared with rates in natural and deforested treatments, which had a similar site history, inundation regime and proximally adjacent to the reforested treatments (Bosire et al., 2003) . Litterbags were used to estimate the rates of mangrove leaf (R. mucronata and S. alba within respective treatments) breakdown. Senescent leaves which had turned yellowish were hand picked from the trees because these are normally the majority of the leaves on the forest floor and have already started their decomposition. The leaves were air dried for 24 h so that no surface water remained and then known weights (30 g for R. mucronata and 20 g for S. alba) placed into 20 cm · 20 cm nylon bags with a mesh size of 1 mm 2 . A batch of four samples each weighing the respective weights above for each species was retained and oven dried at 80°C to constant weight to get initial dry weight, and allow for initial carbon and nitrogen concentration analysis. The 1 mm mesh size is small for significant loss of small leaf particles, but large enough to allow microbial colonisation and entry of small benthic invertebrates. Twenty eight bags per treatment were securely tied to aerial roots of the reforested and natural mangrove treatments and pegs firmly driven into the soil for the bare controls giving a total of 168 litterbags. Four bags from each treatment were retrieved at weekly intervals (except for the wet season when no sampling was done in the first week) and taken to the laboratory where they were washed on 1 mm sieve to remove sediments and separate macroinvertebrates colonising the litter. The macroinvertebrates were identified (under 25·) into taxonomic classes. The resulting litter after washing was oven dried at 80°C and the final dry mass recorded. The degradation/nutrient regeneration experiments were done both during the dry season from February to March and wet season from May to June to assess spatial and temporal variations.
Nutrient analysis
For every harvest of litterbags, nutrient analysis for total carbon (C) and nitrogen (N) were done for every respective sample. To prepare samples for C and N analysis, the dried samples were pre-treated with inert liquid nitrogen to make them brittle and ground to a fine consistency using a pestle and mortar. Total carbon and nitrogen of pre-weighed samples were determined with a Carlo Erba NA 1500 Elemental Analyser using preweighed silver cups. Before analysis, 0.25 ml of 5% HCl was added to the samples to remove any carbonates and then oven dried overnight at 50°C. Acetanilide (C = 71.03%, N = 10.36%) was used for standardisation (Woitchik et al., 1997) .
Statistical analysis
Differences among species, seasons, time (weeks) and treatments were analysed using SPSS Univariate Anova, while multiple comparisons were done with the Tukeys test. All data sets were log (log 10) transformed for normalisation. To analyse for the time effect from weekly data, three time intervals were selected: Ô0Õ for initial dry weights, C and N concentrations or C:N ratios; 2nd week to capture leaching effects and related rapid changes and 5th week because this is the last week material was recovered from the S. alba natural treatment. The relationship between percentage dry mass (y) remaining in litterbags at time t, for all treatments were fitted to a negative exponential model
where y is the percentage of the initial dry weight x 0 remaining after time t (days), and k is a decay constant. Half times (t 50 ) of decomposing materials in respective treatments were calculated as t 50 = ln 2/K (Ashton et al., 1999) .
Results
Litter degradation
Among species, dry weight loss was higher in S. alba than R. mucronata. Consequently no litter was harvested from the natural treatment of the former by the 5th week in both seasons, whereas the R. mucronata natural treatment had 22% and 8% of the original dry weight remaining by the 7th week during the dry and wet seasons, respectively (Table 1 and 2). For the R. mucronata species, weight loss rates were higher in the wet season as reflected from the higher wet season daily weight loss or Kd À1 and lower half times or t 50 when 50% of the initial mass had been decomposed (Table 3) . However, there was no significant seasonal variation (P = 0.245) among respective treatments within the S. alba species. Weekly weight loss was highest between initial dry weight and weight in the 2nd week across treatments. For instance during the wet season, dry weight in the S. alba natural treatment dropped from 100% or initial dry weight to 17% by the 2nd week (Table 2) . Within species, natural treatments had the highest Kd À1 values, reforested treatments intermediate, whereas the bare treatments had the least (Table 3) . For instance within the R. mucronata species during the wet season, the bare treatment had a very low Kd À1 of 0.03 and a t 50 of 164 days; a Kd À1 of 0.19 and a t 50 of 26 days for the reforested and a Kd À1 of 0.41 and a t 50 of 12 days for the natural treatments. Due to its low weight loss rate, the bare treatment of R. mucronata had a very poor fit to the exponential model (R 2 = 0.2964, P > 0.01) compared to the natural and reforested treatments (R 2 = 0.9406, P < 0.01; R 2 = 0.8195, P < 0.01, respectively). Leaves in the R. mucronata bare treatment thus remained fairly intact during the sampling period. S. alba Bare 100 48 ± 4 53 ± 10 42 ± 4 32 ± 4 24 ± 8 28 ± 6 25 ± 8 Reforested 100 51 ± 7 12 ± 2 7 ± 2 6 ± 3 5 ± 3 2 ± 2 Natural 100 33 ± 9 10 ± 4 2 ± 1 1 ± 1 1 ± 0 R. mucronata Bare 100 88 ± 3 87 ± 2 95 ± 2 88 ± 6 82 ± 5 89 ± 3 88 ± 6 Reforested 100 76 ± 3 74 ± 2 58 ± 4 58 ± 1 59 ± 7 45 ± 9 47 ± 10 Natural 100 81 ± 7 71 ± 6 58 ± 6 54 ± 9 50 ± 14 29 ± 6 22 ± 6 
C and N concentrations
Among species, S. alba had lower C concentrations than R. mucronata ( Fig. 1(a) and (b) ). Inter-seasonal variations differed (P < 0.01) with the dry season having higher concentrations for both species. C concentrations remained fairly constant (P = 0.896) during the sampling period (Fig. 1(a)-(d) ) with minor variations. For instance during the wet season, the initial C concentration in R. mucronata leaves was 477 ± 25 mg C g À1 , while the concentration in its natural treatment by the 8th week was 474 ± 49 mg C g À1 . For the S. alba leaf material with an initial C concentration of 348 ± 13 mg C g À1 in the dry season, concentration by the 7th week in the bare treatment was 373 ± 46 mg C g À1 . C concentrations among treatments within species were similar (P = 0.077).
Sonneratia alba species had higher (P < 0.01) N concentrations than R. mucronata ( Fig. 2(a)-(d) ). The wet season had higher (P < 0.01) N concentrations across treatments than the dry season. For instance in the dry season, the S. alba species with an initial N concentration of 5 mg g À1 , its reforested treatment had 7 ± 0.2 mg g À1 at the end of the sampling period, while during the same period in the wet season it had 10 ± 1.7 mg g À1 . N concentrations increased throughout the sampling period in all treatments, with the exception of the R. mucronata bare treatment where N concentration remained fairly constant in the dry season ( Fig. 2(a) ). Within the R. mucronata species from an initial N concentration of 5 to 6 ± 1 mg g À1 in the bare, 13 ± 0.6 mg g À1 in the reforested and 12 ± 1.7 mg g À1 in the natural treatments in the wet season, the latter two treatments had similar and higher concentrations than the former. A similar trend was replicated during the dry season within this species. However, the S. alba treatments had similar N increases over time and in both seasons. Among species, C:N ratios ( Fig. 3(a) -(d)) were higher (P < 0.01) in the R. mucronata species than in S. alba. Within R. mucronata species C:N ratios were similarly lower in natural and reforested treatments, than in the bare control. The S. alba treatments however had similar C:N ratios over the sampling period in both seasons. Total N remaining (%) decreased more rapidly in the S. alba species (P < 0.01) than in the R. mucronata specie (Fig. 4(a) - (b)) following dry weight loss trends with rates being highest in natural treatments, intermediate in reforested treatments and least in bare treatments for both species. However, there were no significant seasonal variations (P = 0.862) in total N loss. 
Discussion and conclusion
Decay rates within both species were highest in natural treatments, intermediate in reforested treatments and lowest in bare controls. Initial weight losses during the first two weeks were also more rapid in natural and reforested treatments emphasising the importance of mangrove cover in enhancing detrital material degradation in the system and concomitant nutrient regeneration. The initial rapid weight loss rates were most likely due to the fast release of non-structural carbohydrates such as sugars and starches (dissolved organic materials -DOM) easily utilised by microbes (Benner et al., 1988; Tam et al., 1990; Mfilinge et al., 2002) , which subsequently colonised and initiated the breakdown of leaf material.
Amphipods, nematodes, turbellarians, isopods and polychaetes were found to colonise litter in natural and reforested treatmentsÕ litterbags in both species, which never occurred in bare treatments. Amphipods were the dominant group suggesting that they were relatively more important in enhancing litter breakdown. This faunal component has been found to enhance degradation by feeding directly on detritus (Camilleri, 1992; Poovachiranon et al., 1986) and this directly influences the rate of decomposition (Basaguren and Pozo, 1994) . No amphipods were however observed in the R. mucronata bare treatment litter bags, which had the lowest decay rate. This corresponds to the findings of Bosire et al. (2004) who found this bare treatment to be the most impoverished in terms of faunal colonisation.
Crabs were found to tear litterbags and shred litter in R. mucronata natural and reforested treatments. Bosire et al. (2004) found sediment-infauna densities in these treatments (Table 4) to follow a similar trend (natural > reforested > bare), and recorded more sesarmid crab species in the natural and reforested treatments. Crab species composition was also similar among these treatments, while Uca spp. dominated the bare treatment. Thus, suggesting that faunal colonisation especially in reforested treatments (compared to bare treatments) is playing a significant role in litter breakdown and subsequent nutrient remineralisation. Sesarmid crabs (where they occur) initiate litter breakdown and thus enhance microbial processes in the detrital food chain (Lee, 1998) . Middleton and McKee (2001) found that exposure to crabs and amphipods tripled overall rates of leaf degradation. This suggests that the presence of herbivorous crabs in the R. mucronata reforested treatment, which did not occur in the bare control contributes to much higher decay rates in the former than observed in this study. Nevertheless, decay rates in the reforested treatment were still 10-fold higher (Table 3) than the bare treatment during the dry season. In the same season it could take at least 1 year for 50% of the original dry weight to be lost, while t 50 in the same season in the reforested treatment was a comparably low 7 weeks.
Total canopy removal by clear-felling in the bare treatments has exposed the substrate to intense irradiation. Bosire et al. (2003) found significantly high interstitial water temperature and salinity in the R. mucronata bare treatment (compared to reforested and natural treatments), suggesting that desiccation coupled with impoverished faunal abundances could also be playing a role in retarding litter degradation/nutrient recycling. Drying of any kind kills or limits growth of microflora, removes water from plant cell cytoplasm and changes the chemical status of leaf material, which are important media for microbial growth (Mfilinge et al., 2002) . Impeded microflora and macroinvertebrate colonisation due to deforestation subsequently impairs degradation processes. Mangroves modify physico-chemical parameters (Bosire et al., 2003) and create a variety of microhabitats besides providing many food materials, which encourage faunal colonisation (Macnae and Kalk, 1962; Macnae, 1968; Micheli et al., 1991; DahdouhGuebas et al., 1999) . The modified physico-chemical conditions and macroinvertebrate colonisation seem to support higher weight loss rates in treatments with mangrove cover as compared to bare treatments (Camilleri, 1992; Benner and Hodson, 1985; Steinke et al., 1990) .
Among species, decay rates were found to be higher in S. alba. Differential flooding (Ashton et al., 1999; Woitchik et al., 1997; Mfilinge et al., 2002) has been found to play a significant role in determining leaf detritus decay rates among lower and upper intertidal treatments. The S. alba treatments located at lower intertidal in this study are flooded during all high tides, whereas the R. mucronata treatments which were at the higher intertidal are flooded only during spring tides. Litter in the lower intertidal thus remained submerged in water for a longer time than those in the high intertidal. Litter in R. mucronata treatments was thus exposed to occasional drying during neap tides, which when compounded with less input of nutrients (especially N) from seawater (Gulis and Suberkropp, 2003) , slowed down leaching and saprophytic decay more effective when leaves are wet Mfilinge et al., 2002) . Water soaking causes leaching of labile materials and promotes microbial activity both of which Table 4 The density of sediment infauna (macrobenthos) in the S. alba and R. mucronata treatments (Extracted from Bosire et al., 2004) increase decomposition rates (Tam et al., 1990; Ashton et al., 1999) . Other than specific mangrove stand physical characteristics, differences in litter quality have also been found to be critical in influencing decay rates (Robertson, 1988; Steinke et al., 1990; Twilley et al., 1997) . High tannin content is known to be aversive to detritivores and thus inhibit microbial activity (Steinke et al., 1990; Ashton et al., 1999) , while nutritious leaf material with low C:N ratios have higher decay rates (Wieder and Lang, 1982) . Though tannin concentrations in Sonneratia leaves have not been published, their lower initial C:N ratios (Rao et al., 1994) combined with high inundation frequency, may have enhanced leaf decay in this stand. Nitrogen concentration increases over time were similar among the S. alba treatments. The similarity among these treatments was most likely due to frequent flooding and continuous nutrient input from the adjacent open water (Gulis and Suberkropp, 2003) , which counteracted the effects of reduced nutrient supply and desiccation (due to clear felling) in the bare treatment. Within the R. mucronata species, increments were similar among the natural and reforested treatments, but significantly higher than in the bare treatment. N increase during the sampling period was most likely due to immobilisation (Middelburg et al., 1996) as a result of accumulation of microbial biomass and products of microbial activity, and their incorporation into humic compounds (Rice, 1982; Mfilinge et al., 2002) . Melilo et al. (1984) suggested that conservation of N by decomposers throughout the sampling period may lead to N accumulation, also evident from the decreasing C:N ratios. During the wet season, lower C:N ratios, higher amphipod colonisation, moist conditions coupled with supply of inorganic nutrients through freshwater discharge (Kazungu et al., 1993; Woitchik et al., 1997) may have increased dry weight loss rates in R. mucronata natural and reforested treatments. There were no seasonal variations in the S. alba treatments probably because of the high frequency of inundation.
Generally S. alba treatments released more N to the surrounding (compared to R. mucronata treatments) most likely due to low C:N rations, inundation frequency and accompanied nutrient supply in the former. Decomposing organic materials low in N tend to be ''net immobilisers'', while materials rich in N are generally ''net remineralisers''. But among treatments within each species, bare treatments were found to be the most conservative in releasing N, hence showed the slowest total N decrease. Therefore, the degree of nutrient remineralisation does not mainly depend on initial C:N ratios and tidal inundation, but also on specific site conservation status or management regimes.
Though there were differences among reforested and natural treatments in terms of dry weight loss rates which were also reflected in total N loss, N immobilisation and decrease in C:N ratios among these treatments were similar. The findings of this study suggest that other than direct litter input, mangrove reforestation modifies sites conditions in such a way that enhances the systemÕs litter degradation and nutrient remineralisation efficiency. Coupled with this is recovery of the systemÕs inherent ecological functions, e.g., faunal colonisation and natural revegetation, which have been found to be either impoverished or completely impaired in the bare treatments used in this study (Holmgren, 2002; Bosire et al., 2003 Bosire et al., , 2004 . The findings seem to support a need for the retention of standards through selective logging to not only ensure seed availability for restocking the affected sites, but also to provide for continuity of inherent ecological functions, albeit at a potentially reduced scale. This will ensure sustainability of ecological services and economical benefits derived from concerned mangrove forests.
